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SUMMARY
The aerodynamic characteristics of rotorcraft flying at low speed close to the ground
are investigated. This will help better understand and quantify the flow field structures and
unsteadiness associated with various in ground effect flight conditions. This study aims to
separate out the various phenomena according to their causal factors.
Experimental investigations first involved flow visualization, which helped in identifying
the various flight regimes and in getting an approximate estimate of the unsteadiness. It was
found that there was considerably more unsteadiness in the flowfield while in ground effect.
The problem was thereafter divided into its unsteady and quasi-steady aspects. Hotwire
measurements were performed and the unsteadiness in the flow structure was quantified. It
was found that there were long time scale fluctuations in the upwind side of the rotor disk,
with significant changes in the inflow. These fluctuations were quantified and related to the
flow parameters, which will help scale the results.
On the quasi-steady side, the fuselage loads for two fuselage cross-sectional shapes were
investigated both in and out of ground effect. The fuselage cross-section shape had a
significant effect on the loads felt by the fuselage in ground effect. It was found that the
sideforce on a circular cross-section fuselage was considerably different when flying close to
the ground.
The power required for the experimental configuration was measured to provide a basis
for comparison. Finally, the flowfield around the ground vortex was quantified, and the
structure of the ground vortex was investigated using Particle Image Velocimetry. It was
found that tip vorticity was ingested by the ground vortex and that the strength of the




The behavior of a rotor wake in the vicinity of the ground is challenging to predict. During
flights in ground effect (IGE) conditions, the wake collides with the ground and causes a
significant perturbation to the flow near the blade. Significant interactions between the
main rotor wake and the ground have been associated with the formation and passage of
the ground vortex . When a helicopter encounters a ground vortex, the main rotor may be
forced to provide additional power and the stability of the aircraft may be degraded. This
is because of the reduction in inflow due to the presence of the ground. This complexity is
most apparent during the transition from hover to forward flight in ground effect. Flight
time history for a helicopter in forward flight near the ground is shown in the report by Serr
et al [68], and indicates that pitch-roll attitude, and power requirements are continually
changing during the transition from hover to forward flight while close to the ground.
More importantly, such phenomena often carry a human cost [41] , and many incidents
have been reported since the Vietnam War Era, which are directly ascribed to handling
problems associated with rotorcraft flying close to the ground at low advance ratios. Harris
et al carried out a comprehensive study of rotorcraft accidents over a 34 year period. The
results for the accidents and the stages of flight in which they occur in, is shown in Fig. 1
[24]. It can be seen that most of the accidents occurred during take-off and hover. Out of
these mishaps, 625 accidents were caused due to loss of control. It can be seen from Fig.
2 that more than 50% of the loss of control accidents occurred during flight close to the
ground. It can be seen from Fig. 3 that most of the loss of control accidents occurred due
to improper control inputs and winds. It is also to be noted that a significant number of
the loss of control accidents are caused due to yaw controls, which can be seen in Fig. 4.
These statistics are a motivation to study the unsteady phenomena in ground effect to help
prevent such accidents in the future.
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The issues associated with IGE flight include the following.
1. Effect of the ground on vortex strength
2. Effect of the ground on blade loads
3. Modification of rotor inflow due to wake distortion and the ground
4. Moments on rotor disk due to the ground
5. Forces on fuselage due to the ground
6. Deflection of wake due to fuselage and the ground
7. Influence of axial flow in vortex
8. Time lag effects on inflow and loads due to time scales of ground vortex unsteadiness
and wake response
1.1 Summary of Flight Characteristics and Handling Qual-
ities in Ground effect
The phenomena that are seen in forward flight near the ground are schematically shown
in Fig. 5 taken from [61]. At low forward speeds, a small region of flow recirculation is
formed upstream of the rotor near the ground. As forward speed increases, this recirculation
develops into a vertical region between the tip of the rotor and the ground. This phe-
nomenon increases the inflow through the forward part of the rotor disk. As a consequence
the induced power requirement increases until the ground vortex is overrun. Fig. 6 from
[61] shows the required power as a helicopter goes into forward flight. This figure indicates
that the required power increases with speed between 5 and 20 knots. The change in inflow
through the rotor not only affects the required power but the lateral trim as well (Fig. 7).
Out of ground effect, at low speed the downflow through the front part of the rotor is lower
than that through the rear part. This phenomenon causes the rotor to want to flap the left
up (solid line in Fig. 7). The effect of the ground vortex is to increase the downward flow
through the front part of the rotor disc, making the flow more uniform and reducing the
6
Figure 5: Schematic of Flow Regimes in Ground Effect. (Courtesy: NASA Civil Helicopter
Safety Website)
7
Figure 6: Power Requirements in Ground Effect. (Courtesy: NASA Civil Helicopter Safety
Website)
8
Figure 7: Lateral Stick Requirements in Ground Effect. (Courtesy: NASA Civil Helicopter
Safety Website)
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requirement for left stick. After the ground vortex is overrun, left stick is required suddenly
(dotted line in Fig. 7). This sudden change in control input is just one example of the
challenges of flight in ground effect.
1.2 Previous Work
Much of the early studies of ground effect concentrated on the variation of average thrust
in hover when close to the ground. This was important to understand the hover capabilities
of helicopters when flying close to the edge of their performance envelope, especially in “hot
and high ” operating conditions.
The earliest analytical studies were done by Kussner [45] and Betz [2]. They showed
that the effect of the ground was minimal when the rotor was higher than 1 rotor radius
above the ground. Analytical work in the 1940s studied the effect of ground proximity on
a lifting airscrew [74], and developed a vortex cylinder model. Zbrozek modeled flight test
data in terms of thrust increase as a function of rotor height in 1947. [42] Experimental
work in this area was done at Georgia Tech in the 1950s, where the electromagnetic analogy
was used to measure the normal component of the induced velocity in ground effect [21].
An experimental study performed by Lewis [51] showed that the effect of the ground on
thrust was negligible when the rotor was more than one diameter above the ground. Ground
effect has been examined by Cheeseman and Bennet [8] using the method of images, where
a mirror-image of the rotor is placed below the ground plane. In their analysis the rotor
thrust ratio in ground effect is expressed by Equation 1, where Ti is the thrust IGE, To is









This equation compares well with experimental data in Fig. 8 [51]. Hayden [25] carried
out performance measurements for several helicopters and developed an empirical equation
for the thrust ratio similar to the above equation.
Frandenburg [18] recorded in-ground effects on the rotor and airframe. Interest in this
area increased in the 1970s, spurred by the reports of unsteady forces and erratic handling
10
Figure 8: Thrust Ratio in Ground Effect
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of rotorcraft flying close to the ground. Huston and Morris [33] were the first to report
the recirculation vortex caused by a wind acting on the flowfield of a main rotor in ground
effect. A more comprehensive experimental study of ground effect on tail rotor thrust was
carried out by Empey and Ormiston in 1974 [17]. They found from helium bubble flow
visualization that the ground vortex possessed a very small well-defined core, and they
plotted variation of tail rotor thrust with wind velocity and azimuth. Koo and Oka [43]
measured thrust, torque and induced velocity of a rotor in ground effect. They found that
when a hovering rotor at high collective pitch angle flies close to the ground blade stall may
occur causing thrust stagnation. They also found that there is a fluctuation of downwash
and upwash causing unsteady flow recirculation. Wiesner [72] found that a ground vortex
appears at low advance ratios under a rotor in ground effect. Sheridan and Weisner [69]
experimentally examined low advance ratio forward flight IGE and noted the formation of
a ground vortex. He found that the thrust at constant power reduced at low advance ratios
in ground effect to a minimum value and thereafter increased once the ground vortex was
overrun. In forward flight, where the wake is swept behind the rotor, the effect of the ground
diminishes rapidly as forward speed increases. Ground effect is negligible for speeds above
advance ratio of 0.15 . Sheridan et al [70] developed an empirical model in 1982 relating
inflow components to height above the ground.
Landgrebe et al studied the wake characteristics of the helicopter in hover and low speed
forward flight in ground effect [46]. They noted that while hovering, tip vortices in the wake
boundary are transported downward, whereas in low speed forward flight the tip vortices
travel inboard and slightly above the rotor and are then transported down through the
rotor disk. They found that flow velocity at each flow field point varies with time, due to
the rotation of the blades and the periodic passage of the tip vortices. They noted that
the upward flow ahead of the wake boundary, changes over to downward flow as the wake
boundary is approached. However, in ground effect, the downflow inside the rotor wake
decreases as it approaches the ground. Kusmarwanto [44] showed that ground effect causes
induced upwash at the rotor disk. Gao and He [19] derived an analytical expression on
ground vortex position variation with advance ratio.
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Curtiss et al were the first to categorize the two regimes of low advance ratio flight close
to the ground [15] [14]. They found that when a lifting rotor operates close to the ground at
low advance ratios two distinct flow regimes can be identified. In the recirculation regime,
part of the rotor wake flows forward and upward and recirculates through the rotor and
fluctuates at a low frequency. This flow regime is shown schematically in Fig. 9(a). As the
advance ratio is increased the second flow regime appears, and a well-defined vortex forms
under the upwind half of the rotor (Fig. 9(b)). They found that the flow field becomes
more steady as the elliptically-shaped horseshoe vortex is formed on the ground under the
rotor. They found that the vortex becomes smaller as the advance ratio is increased until
it is convected downstream at high advance ratios. The existence of these flow regimes can







This parameter determines the gross characteristics of the wake, i.e., the wake deflection
angle.
Curtiss et al contend that there is a difference in the flight condition at which the various
flow phenomena exist depending upon whether a moving model test or a wind tunnel test
is conducted. The recirculation regime is associated with a significant additional downward
flow through the forward half of the rotor and the flow field is quite unsteady while the
flow field associated with the ground vortex appears quite steady. It was also noted that
low levels of translational acceleration influence the forces and moments acting on the rotor
and that under accelerating conditions the ground vortex does not become fully established.
In order to estimate the order of magnitude of the ground vortex strength, an elementary
ground vortex was modeled as a line vortex, as per the method derived by Heyson [29].
Heyson [32] [28] [27] analyzed ground effect using a skewed cylindrical vortex sheet with an
image vortex system. The linearized estimate of the ground vortex strength is at least an
order of magnitude larger than that of the tip vortex. Heyson [31], [30] also showed that




(b) Ground Vortex Regime
Figure 9: Two Regimes of Flight in Ground Effect at Low Advance Ratios
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Curtiss et al also found that increasing collective pitch moves the ground vortex forward,
and reducing height-to-diameter ratio moves the ground vortex forward [14]. They noted the
change in hub moment that occurred due to increase in inflow in the upwind half of the rotor
disk. They noted irregular variations in the thrust and hub moments with change in advance
ratio. Lee [48], [49] conducted experimental studies that looked at helicopter performance
in dynamic ground effect. Cerde et al [6] looked at take-of and landing performance of
helicopters.
Hanker and Smith [23] conducted ground effect experiments at the Princeton Dynamic
Model Track and found that the recirculation occurs until an advance ratio of 0.058, and
that the ground vortex disappeared at an advance ratio of about 0.125. Cimbala et al
[12] studied the unsteady behavior of the ground vortex, and noted that the ground vortex
had a low frequency pulsing behavior. However, they were not able to find any preferred
frequency of this behavior. Light [52] studied the trajectory of the tip vortex in ground effect
and concluded that the tip vortex in ground effect contracted slightly and then expanded
radially close to the ground.
Numerically, early studies did not correlate well with experimental results. DuWalt [16]
modeled IGE using an axisymmetric, periodic wake, and a mirror image below the ground
plane. Since the 80s, however, computational studies have been successful in predicting
ground effect phenomena. Sun [71] used a free vortex wake model combined with pre-
scribed position of ground vortex from experiments to compute the inflow. Quackenbush
and Wachspress [62] , Graber et al [20] have also done image wake analysis to simulate
ground effect. Chen [9] published a detailed survey of the various computational methods
used in ground effect modeling in 1989. Saberi and Maisel [65], [66], [67] modeled vortex
wake in ground effect for steady flight conditions using a free wake model. Lee and He
[47] carried out a free wake analysis of a rotor in ground effect. They found that when the
ground vortex approaches the leading edge of the main rotor, it induces large downwash on
the rotor disk. Consequently the thrust is reduced and yaw control effectiveness in sideways
and rearward flights is affected near the ground. They also found that the ground vortex
is shaped like a half circle attached to two trailing vortices, similar to a horseshoe vortex
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with a large core. The ground vortex strength is sensitive to the wake decay rate, an input
parameter depending on both the rotor height above the ground and the wind speed. They
also found that a nose-down pitching moment is produced with the formation of a ground
vortex. Lowering the height above the ground increases this pitching moment.
Sun [37] used a pure Computational Fluid Dynamic (CFD) method to analyze the
flowfield around a rotor near the ground. Kang and Sun carried out a computational study
[38], which confirmed the formation of the ground vortex due to rolling up of the wake.
More recently, Griffiths and Leishman have used a free wake model to model twin rotors in
ground effect. They have compared two methods of modeling ground effect, the method of
images and a surface singularity method [22].
Peters and He have used finite state dynamic inflow theory [58], [57], [55], [56], [26]
to model helicopter performance where the induced inflow is represented as a system of
first order differential equations in the time domain. Aerodynamic interference between a
helicopter and ship deck [54], [60], [75] was modeled with a source panel representation and
it was shown that considerable rotor trim changes occurred in ship ground effect. Itoga et
al, [35], [36] have tried to model a sloping ground plane to simulate ship borne operations
using vortex panels to simulate the ground plane. Helicopters are often required to land
on a rolling ship deck. It has been thought that the rotor performance is affected by the
non-uniform and rolling ground surface (in dynamic ground effect). Experimental research
has been attempted by Iboshi et al, [34]. These results indicate that dynamic ground effect





The objectives of the proposed work are to study the physics of the flow of a rotorcraft flying
at low advance ratios in ground effect. It aims to explain the unsteady fluctuations in inflow
and relate them to the seemingly random fluctuations observed by rotorcraft operators in
ground effect.
2.2 Planned Approach
The investigation into the ground effect problem was to proceed on two fronts. On one hand
the unsteady, seemingly random, fluctuations noticed in the past had to be investigated.
On the other hand, the quasi-steady change in loads due to change in ground vortex shape
had to be studied. The outline of the research plan is given in Fig. 10.
The study of this problem began with flow visualization. This was to understand the
differences in the wake structure between the OGE and the IGE cases. The unsteadiness
of the inflow fluctuation was to be quantified using hotwire measurements. This was to
study the unsteady fluctuations in the flowfield around a rotor in ground effect. On the
other hand, the quasi-steady effects of the wake structure on the fuselage loads were to be
studied. Finally, the structure of the ground vortex was to be studied using Particle Image
Velocimetry.
2.3 Experimental Facilities
The experimental investigation into the ground effect phenomena was conducted in the
John Harper 7′x9′ tunnel at Georgia Tech. This is a closed circuit tunnel powered by a
600hp electric motor. An eddy current clutch provides speed control. The turbulence level
in the tunnel is 0.5 %. The rotor is an untwisted NACA 0015 two-bladed teetering rotor
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with an 18” radius and a chord of 3.375”. Rotor solidity is 0.12 and collective is fixed at
10◦ . The rotor was run at 2100 RPM by a 3hp electric motor mounted to a frame above
the test section. The tip speed at this RPM is 100 m/s and the advance ratio can be varied
upwards from 0.03. The rotor shaft is tilted forward by 6◦ to simulate forward flight.
18





The experiments were conducted in the John J. Harper Low Speed Wind Tunnel of Georgia
Institute of Technology. This facility is a closed-circuit wind tunnel and was described in
the earlier chapter. The rotor installation in the test section can be seen in Fig. 11 and
the coordinate system is shown in Fig. 12. The rotor specifications and test conditions are
shown in Table 1. These conditions in Table 1 are roughly equivalent to those of a UH1B
helicopter hovering at a skid altitude of 4ft, with a headwind varying from 0 to 38 knots.
The laser sheet optics (New Wave Research Gemini 30Hz) was placed downstream of
the rotor in the test section. To capture the flow visualization images, a Sony DV camera or
a Sony CCD camera was placed perpendicular to the plane of the laser sheet. Flow seeding
was done by fog machines placed upstream of the rotor. The setup for the flow visualization
is shown in Fig. 14. The ground plane was a wooden board 8’ x 8’ in size and is shown in
13.
Table 1: Rotor Specifications and Test Conditions




Rotor Shaft Tilt Angle 6◦
Solidity 0.1193
Advance Ratio (µ) 0.03 to 0.10
Rotor RPM 2100
Ground Clearance h/R (IGE) 0.72
Ground Clearance h/R (OGE) 2.77
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Figure 12: Co-ordinate System of the Rotor Setup
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Figure 13: The Ground plane in the Tunnel
23
Figure 14: Co-ordinate System of the Rotor Setup
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3.2 In Ground Effect
3.2.1 Recirculation Regime
At low advance ratio, the rotor wake is flowing forward and upward and recirculating
through the rotor disk. This recirculation phenomenon is observed in the range µ ≤ 0.06.
This phenomenon can be seen in Fig. 15, which shows the case of µ = 0.03. It can be seen
that the vortices are deflected upward and are re-ingested into the rotor disk.
A similar flow structure is seen at an advance ratio of 0.04 in Fig. 16, with some subtle
differences. It can be seen that the recirculation occurs with a tighter trajectory, though
the number of vortices that could be tracked before re-ingestion was the same as in advance
ratio of 0.03. The flow is in a transition phase at µ = 0.05 and a puffing tendency of the
vortex close to the ground was noticed. In other words, it was seen that the ground vortex
appeared to periodically grow and shrink in size. The flow is in the midst of changing over
from the recirculation to the ground vortex stage. A large ground vortex is seen, but there
is also some recirculation into the disk.
The vortices were tracked using a bitmap algorithm to mark vortex voids in the acquired
images. Up to 8 vortices were tracked in the recirculation circle. This works out to a
frequency of recirculation of approximately 9Hz in this case. The trajectory for the case of
µ = 0.03 is shown in Fig. 17.
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Figure 15: Recirculation of vortices at µ = 0.03
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Figure 16: Flowfield at µ = 0.04
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Figure 17: Trajectory of tip vortices at µ = 0.03
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3.2.2 Ground Vortex Regime
At µ = 0.06 the ground vortex had clearly formed as can be seen from Fig. 18. The ground
vortex appears as a large void that appears as a separated region under the rotor. At
µ = 0.07, the ground vortex become smaller (Fig. 19) and moves backward. This trend
continues till the ground vortex is swept away from under the rotor at advance ratios greater
than 1.25. This rearward movement of the ground vortex core is shown to scale in 20.
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Figure 18: Ground Vortex at µ = 0.06
30
Figure 19: Ground Vortex at µ = 0.07
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Figure 20: Position of Ground Vortex
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3.3 Out of Ground Effect
The next step was to compare the flowfield out of ground effect to understand the differences
between the two regimes of flight. The notable difference was the steadiness of the wake
without the presence of the ground. The second difference was the trajectories of the tip
vortices. The difference in the tip vortex trajectory at µ = 0.03 can be seen in Fig. 21.
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Figure 21: Difference in tip vortex trajectory- OGE vs IGE
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Table 2: Tip Vortex Jitter OGE vs IGE
Jitter IGE: X (in) IGE: Z (in) OGE: X (in) OGE: Z (in)
Peak to peak 0.86 0.61 0.57 0.34
Standard Deviation 0.22 0.2 0.2 0.14
Measurement Uncertainty 0.18 0.18 0.11 0.11
3.3.1 Jitter of Tip Vortices
It can be seen that the presence of the ground induces the tip vortices to curve up, which
causes their re-ingestion into the rotor disk. The flailing of the tip vortices that was noticed
in the IGE case was not present in the OGE visualization. The steadiness of the flow at
an advance ratio of µ = 0.04 without the presence of the ground plane can be seen in Fig.
22. In order to quantify the extent of the steadiness, the vortices were tracked spatially
from frame to frame, and the magnitude of the shift of the void center was measured and
is shown in Table 2. The point to note is that though the standard deviation of jitter is
almost the same in the OGE and IGE cases, there is a big difference in the peak to peak
jitter between IGE and OGE. This implies that there is a long time scale jitter present in
the IGE case. This can be linked to the recirculation of the vortices into the rotor disk.
3.3.2 Summary
Two distinct flow regimes were seen for a rotor flying at low advance ratios in ground
effect. Recirculation of the rotor wake occurs at lower advance ratios and formation of a
ground vortex occurred above an advance ratio ≈ 0.058. The ground vortex moves further
downstream and decreases in size as the advance ratio increases. The trajectory of the tip
vortices was tracked and indicates a re-ingestion frequency of 9 Hz for this test condition.
The jitter of the tip vortices were quantified and it implied a disturbance of the order of
every 0.2 secs of the vortex position in the IGE case.
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After the flow visualization experiments, it was necessary to have a more quantitative
measure of the unsteadiness in the flowfield around the rotor in ground effect. The Hotwire
measurements would help in obtaining quantitative data concerned with flow unsteadiness
with the ground plane, which would then be compared to the OGE case to understand the
differences.
4.2 Experimental Setup
Time histories of velocity and frequency spectra were obtained using hot-wire probes (TSI
120120) in the flow field. The data were recorded on a personal computer through a Labview
PCI board. The test cases were the same as was done for flow visualization. The hot-wire
measurement setup with the ground plane is shown in Fig. 23. Hotwire measurements were
done both at the ground plane at a height of 1” above the ground plane and also in the inflow
region, and the expected recirculation region. The location of the hotwire measurements
close to the ground is shown in Fig. 24. The barocel in the Wind Tunnel was first calibrated
using air pressure balanced by precision weights. The hotwires were then calibrated in the
Wind Tunnel with respect to the barocel readings. The errors measured in repeated steady
validation runs was less than 1% of the measured value. Hotwire measurements only give
an estimate of the magnitude of the velocity and not its components. However, hotwires
are very useful for measuring fluctuations in velocity, which was the aim of the experiment.
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Figure 23: Hotwire Measurement Setup in the Harper Wind Tunnel
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Figure 24: Hotwire Measurement Locations close to the ground
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4.3 Results and Discussion
4.3.1 Inflow Velocities
The most notable result was the difference in the fluctuations in the inflow velocities ob-
tained from the hotwire measurements. As was expected, the inflow magnitude was lower
for the IGE case. However, the magnitude of fluctuations was negligible in the OGE case,
while it was about 5 to 10% in the IGE case, and is shown in Fig. 25. The upper and
lower bounds are marked in red and green respectively, and represent twice the standard
deviation. Also it has to be noted that the IGE case appears to have spikes that seem to
re-occur approximately at one second intervals. This is the effect of the recirculation of the
tip vortices. To get a better idea of the frequency of these fluctuations, a Fourier analysis
was done to the velocity time trace. The results and the measurement point are shown in
Fig.26. It can be seen that the 2 per rev component dominates the flow, out of ground effect.
However, with the ground plane, the spectrum is dominated by low frequency components.
The peak frequency IGE at an advance ratio of 0.04 is 1.1 Hz and this indicates that there
is a long time scale disturbance in the inflow velocity.
4.3.2 Velocities near the Ground Vortex
4.3.2.1 Advance Ratio 0.05
The results of the hotwire measurements close to the ground vortex are plotted in Fig. 27.
It can be seen that at point A, a velocity fluctuation at low frequency (1 to 2 Hz) occurs and
appears to be related to the movement of the flow separation point ahead of the nascent
ground vortex. This correlates with the flow visualization results at µ = 0.05 where the
flow appeared to switch between recirculation and the preliminary stage of formation of a
ground vortex. At both points C and E, the frequency of the velocity fluctuation became
relatively broad-band (between 0 and 50Hz). The mean flow velocities at these points were
higher than free stream speed, which is approximately 16.5fps at µ = 0.05. At point G, a
low frequency velocity fluctuation occurs. However, it is not similar to the large velocity
separation-like change that occurs at point A, and appears to be induced by the passage of
the tip vortex.
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4.3.2.2 Advance Ratio 0.06
The hotwire measurements close to the ground vortex at advance ratio of 0.06 are plotted
in Fig. 28. At point C, which was near the front edge of the ground vortex, the flow showed
occasional large-amplitude fluctuations with a long time scale. This velocity fluctuation
resembles the one seen at point (a) for µ = 0.05 case, but is much less frequent. At point F,
which was located in the ground vortex, the velocity fluctuates with broad band (between 0
and 50Hz) frequency. This velocity fluctuation resembles the one seen at point C and E for
µ = 0.05 case. The tip vortices directly impinge near point J, and the fluctuation is mainly
high frequency, and is dominated by the 1 per rev and 2 per rev components.
4.3.2.3 Advance Ratio 0.07
The hotwire measurements close to the ground vortex at advance ratio of 0.07 are plotted
in Fig. 29. At point E, a low frequency velocity fluctuation occurs, but the amplitude of the
largest spikes is less than half of the corresponding values at C for the µ = 0.06 case. The
fluctuating flow separation that appears at lower advance ratios does not appear above an
advance ratio of 0.07. The regions of high frequency fluctuations have moved downstream
as was expected from the flow visualization analysis.
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Figure 25: Comparison of Inflow Velocities: IGE vs OGE
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Figure 26: Measurement Position and Inflow spectra
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Figure 27: Hotwire Measurements µ = 0.05
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Figure 28: Hotwire Measurements µ = 0.06
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Figure 29: Hotwire Measurements µ = 0.07
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4.3.3 Frequency Analysis of the Wake Structure
Frequency analysis of the hotwire measurements provided interesting insights into the flow
structure around a rotor in ground effect. The dominant frequencies in the hotwire mea-
surements around the rotor at an advance ratio of 0.03 are shown in Fig. 30. The peak
frequency at each location is displayed at various locations around the rotor. The X and Y
axes are shown in inches, with the zero position of the X axis being the rotor hub center,
and the zero position of the Y axis being the ground. This plot is juxtaposed with the flow
visualization snapshot at that advance ratio to help correlate the frequency distribution
with the flow structure.
It can be seen that this is the beginning of the recirculation regime and the path of the
vortices is marked in the flow visualization picture. In the area where vortices impinge on
the ground, the dominant frequency is the 2 per rev component. Behind this region is the
dead zone in the middle of the wake being turned outward by the presence of the ground
plane. The other interesting point is the presence of low frequency components above the
inflow plane. It can be seen that the dominant frequency is of the order of 1 Hz, implying
the presence of long time scale fluctuation in the recirculation regime. It should be noted
that this low frequency component is stronger than even the blade passage frequency. It
will be shown later that this low frequency component goes away once the advance ratio
increases above 0.06 and the rotor transitions into the ground vortex regime.
The frequency distribution at an advance ratio of 0.04 is shown in Fig. 31. The wake
structure is quite similar to that seen at an advance ratio of 0.03. The 2 per rev component
can be seen at the path of the vortices and the low frequency component can be seen above
the inflow plane. The frequency distribution at an advance ratio of 0.05 is shown in Fig. 32.
It can be seen that this is the regime where features of both the recirculation and the ground
vortex regimes are present. A nascent ground vortex can be seen in the flow visualization
and its effect can be seen in peak frequency distribution. The low frequency peaks can be
seen above the inflow plane. The ground vortex has formed at an advance ratio of 0.06 and
can be seen in Fig. 33. By now the tip vortices are being convected downstream of the
ground vortex and a strong 1 per rev component is seen behind the ground vortex. The
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effect of recirculation above the inflow plane has now reduced, and a 2 per rev component
starts dominating the inflow region. The ground vortex regime is fully established by an
advance ratio of 0.07 and this can be seen in Fig. 34. It should be noted that now the
inflow region is completely free of low frequency peak frequencies, and is dominated by the
2 per rev component. The ground vortex and the area behind it can be correlated with the
peak frequency distribution.
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Figure 30: Hotwire Measurement Peak Frequencies (Hz) µ = 0.03
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Figure 31: Hotwire Measurement Peak Frequencies (Hz) µ = 0.04
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Figure 32: Hotwire Measurement Peak Frequencies (Hz) µ = 0.05
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Figure 33: Hotwire Measurement Peak Frequencies (Hz) µ = 0.06
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Figure 34: Hotwire Measurement Peak Frequencies (Hz) µ = 0.07
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4.4 Analysis of Recirculation Frequency Fluctuation at the
Upwind Tip of the Rotor Disk
The frequency fluctuations of the inflow at the upwind tip of the rotor disk were further
investigated. A series of long time hotwire measurements was done at the upwind tip of
the rotor disk and the peak frequency of all the measurements was averaged. It was found
that this average of the dominant fluctuation frequency at this location was 1.85 Hz for an
advance ratio of 0.04 and 2.60 Hz for an advance ratio of 0.05. When advance ratio was ≥
0.06, the dominant fluctuation frequency was the blade passage frequency, which correlated
with the flow visualization observations that showed that the recirculation changed over to
a ground vortex at an advance ratio of about 0.057. This also showed that the energy in
the recirculation fluctuations was stronger than that in the blade passage disturbance at
the upwind tip of the rotor disk when advance ratio ≤ 0.05.
When these fluctuation frequencies were compared with the parameters of the exper-
imental set-up, some interesting relationships were found. First, the λ (defined as inflow
ratio. In forward flight, the definition of λ is shown in Equation 3, where U∞ is the forward
velocity of the helicopter, α is the rotor disk angle of attack, Ω is the angular velocity of the









To calculate λ the Momentum theory derivation was used [50], where µ is the advance
ratio and CT is the Coefficient of thrust. Since
µ = U∞ cos α/(ΩR); (4)
λi = λh/(2
√






λ from momentum theory is given by Equation 7.







For calculating λ at µ = 0.04 and 0.05, the measurements of CT which were done by Brand
in 1989 [5] were used. These were measurements of the rotor thrust without a ground plane,
carried out at µ = 0.0, 0.075, 0.10, 0.15, and 0.20. The CT values at µ = 0.04 and 0.05


































Figure 35: CT Measurements and Polynomial Interpolation
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Table 3: Frequency of Recirculation Fluctuation
Advance Ratio Measured Frequency (Hz) Calculated Frequency (Hz) Error %
0.04 1.85 1.77 -4.18%
0.05 2.60 2.68 3.24%
Using these interpolated values, λ values of 0.189 at µ = 0.04 and 0.229 at µ = 0.05
were obtained. It should also be noted that the forward velocity at µ = 0.04 is 4.02 m/s
and at µ = 0.05 is 5.03 m/s, and the height of the rotor (h) above the ground is 0.429 m.
It was found that the frequency of recirculation fluctuation (FRF ) was very closely





The results are shown in Table 3 and matched the measured results very closely.
4.5 Summary
The low frequency fluctuations in the inflow plane ahead of the rotor occur at about 1 to
2 Hz and appear only during the recirculation regime. These oscillations stop above an
advance ratio of 0.06. The rear of the vortex is dominated by the 1 per rev component, and
has high amplitude, high frequency oscillations in it. Low frequency oscillations are seen
near the ground ahead of the ground vortex and are caused due to the separation of the
flow ahead of the ground vortex.
It was also seen that the fluctuation frequency seems to be a function of the rotor height,
inflow ratio and forward velocity. The results of the calculated frequency of fluctuation
closely matched the measured frequency. This should help in scaling the frequency of




5.1 Objectives and Selection of Fuselage Shape
The hotwire results have shown that unsteady effects of a rotorcraft flying in ground effect
will play a significant role in the handling characteristics during low advance ratio flight or
during transition to forward flight. The hotwire measurements highlighted the long time
scale unsteady effects seen in the recirculation regime. The next step was to explore the
quasi-steady effects of IGE rotorcraft flight.
The effect of fuselage shape on loads was investigated, since this is an oft-reported
problem by pilots while flying close to the ground [64]. The helicopter fuselage shape is
governed more by the requirement for reduced radar cross section rather than its aerody-
namics characteristics. Pilots have observed that there is a significant effect of fuselage
shape on helicopter handling, especially while flying close to the ground. This operator
feedback was the primary motivation to explore this phenomenon. Such a study has not
been carried out in the past, and this study is the first to look at the effect of fuselage shape
on loads both in and out of ground effect.
Since the hub moments would affect the forces on the fuselage, the fuselage was decou-
pled from the hub. It was not practical to test an actual helicopter fuselage because the
main point of interest was to understand the effect of fuselage shape in IGE flight without
making it rotorcraft specific. At the same time, it was important to select fuselage shapes
that were representative of the types of fuselage shapes being used in the industry. After
conducting a survey of common helicopter fuselage shapes, two generic shapes were chosen
for further investigation. The first was cylindrical with a circular cross-section and the sec-
ond had flattened sides. These shapes are shown in Fig. 36. Henceforth, these two shapes
will be referred to as circular cross-section fuselage and flattened fuselage respectively. It
can be seen that the circular cross-sectional fuselage is representative of a class of rotorcraft
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including the Alouette-III and BO-105, while the flattened fuselage is more typical of craft
such as the Boeing AH-64 and the Sikorsky S-92. It was expected that these two generic
shapes would help study the effects on a broad spectrum of fuselage shapes in the rotorcraft
industry today.
5.2 Experimental Set-up
The experimental measurement of the fuselage loads was conducted in the John Harper
7′x9′ tunnel at Georgia Tech. The set-up for the experiment is shown in Fig. 37. The
fuselage loads were measured with a 6-component load cell made by ATI Technologies. The
load cell was calibrated using test weights and the error in the range of measurement was
found to be less than 1% of the largest force measured. The fuselage was yawed using a
stepper motor from -60◦ to +60◦ . The error estimate in the measurements is discussed
later in this chapter.
The co-ordinate system of the forces on the fuselage is shown in Fig. 38. It is to be
noted that all forces are non-dimensionalized by density, tip speed and circular cross-section







Figure 36: Test Fuselage Specifications
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Figure 37: Fuselage Load Measurement Experimental Setup
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Figure 38: Fuselage Load Measurement Experimental Setup
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5.3 Results and Discussion
5.3.1 Frequency Components of Fuselage Load Measurements
The first step in the fuselage load measurements was to check the frequency components of
the forces. This was to understand if the fluctuations seen in the inflow region were being felt
on the fuselage. It was found that none of the force components displayed the low frequency
fluctuations seen in the velocity in the inflow plane. The only components discernible on
the loads were the 1 and 2 per rev components along with the natural frequency of the
fuselage system. The natural frequency of the fuselage system was measured by providing
an impulsive forcing function to the fuselage system. This was to be expected since the
velocity fluctuations were only seen in the upstream part of the rotor disk, and any such
fluctuation was expected to be negligible when integrated over the entire surface of the
fuselage. This means that a constant advance ratio, the unsteady effect of the inflow was
not very significant on the fuselage loads.
5.3.2 Circular Cross-section Fuselage Forces
The first set of tests that were conducted were for the circular cross-section fuselage. The
forces on the fuselage were measured both in and out of ground effect from hover to an
advance ratio of 0.1.
5.3.2.1 Circular Cross-section Fuselage Downforce
The measured downforce for the circular cross-section fuselage is shown in Fig. 39. Fig.
39 A shows the downforce for a circular cross-section fuselage out of ground effect, while
Fig. 39 B shows the downforce for circular cross-section fuselage in ground effect. Fig. 39
C shows the downforce for a circular cross-section fuselage at 0◦ yaw both in and out of
ground effect. The layout of the plots is explained below.
Figs. 39 A and B are comprehensive plots that shows the downforce at yaw angles
between -60◦ and +60◦ from hover to an advance ratio of 0.09. Fig. 39 C extracts the
information at 0◦ yaw that shows the downforce for a rotorcraft fuselage as it accelerates
from hover to an advance ratio of 0.1. It shows the difference between the downforce on a
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rotorcraft fuselage as it accelerates out of hover in and out of ground effect.
It can be seen from Figs. 39 A and B that the downforce distribution changes consid-
erably in and out of ground effect. The downforce is much less IGE than OGE. This is to
be expected because the inflow is cut down considerably IGE. The symmetric distribution
seen OGE also breaks down IGE. Fig. 39 C shows the downforce at 0◦ yaw. It can be seen
that the fuselage IGE actually encounters an upforce at hover due to the presence of the
ground. The other interesting aspect IGE is the blip in downforce between advance ratio
of 0.05 and 0.08. It can be seen by correlating this to flow visualization results that this
occurs at the advance ratio where the ground vortex forms and moves under the fuselage.
5.3.2.2 Circular Cross-section Fuselage Side Force
The measured side force for the circular cross-section fuselage is shown in Fig. 40. Fig. 40
A shows the side force for a circular cross-section fuselage out of ground effect, while Fig.
40 B shows the side force for the circular cross-section fuselage in ground effect. Fig. 39
C shows the side force for a circular cross-section fuselage at 0◦ yaw both in and out of
ground effect. Figs. 40 A and B are comprehensive plots that show the side force at yaw
angles between -60◦ and +60◦ from hover to an advance ratio of 0.09. Fig. 40 C extracts
the information at 0◦ yaw that shows the side force for a rotorcraft fuselage as it accelerates
from hover to an advance ratio of 0.1. It shows the difference between the side force on a
rotorcraft fuselage as it accelerates out of hover in and out of ground effect.
It can be seen from Figs. 40 A and B that the symmetric distribution of side force
OGE breaks down IGE. It can also be seen that the magnitude of side force at higher yaw
angles is much less IGE. Another interesting phenomenon is the sudden variation in side
force between yaw angles +20◦ and +40◦ and is marked on Fig. 40 B with a red ellipse.
Figs. 40 C shows the side force on a circular section fuselage while accelerating from
hover to an advance ratio of 0.09. It can be seen that behavior of the fuselage IGE and
OGE differs drastically. While the side force at hover in and out of ground effect is almost
the same, the trend changes significantly when the rotorcraft accelerates out of hover. The
side force OGE immediately shifts to a negative value and remains almost unchanged till
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an advance ratio of 0.07 and then reduces slightly up to an advance ratio of 0.09. This
appears to be a function of the wake angle and the extent of the fuselage that is exposed
to the wake. On the other hand, the fuselage side force IGE remains at about the hover
value until about an advance ratio of 0.05 and then changes direction at an advance ratio
of 0.07. It is to be noted that this coincides with the formation of the ground vortex under
the fuselage. The IGE side force then approaches the OGE value at an advance ratio of
0.09.
The moment arm of the side force was calculated to find the point at which the side
force acted. This was done by dividing the yawing moment by the side force obtained from
the six component load cell. The plot is shown in Fig. 41. It can be seen that the change
in direction of the side force IGE is accompanied by a rapid forward shift of the side force
moment arm. This appears to indicate a loss of side force in the rear section of the fuselage
due to the formation of the ground vortex and the separation associated with it.
5.3.2.3 Circular Cross-section Fuselage Drag Force
The measured drag force for the circular cross-section fuselage is shown in Fig. 42. Fig.
42 A shows the drag force for a circular cross-section fuselage out of ground effect, while
Fig. 42 B shows the drag force for the circular cross-section fuselage in ground effect. Fig.
39 C shows the drag force for a circular cross-section fuselage at 0◦ yaw both in and out of
ground effect. Figs. 42 A and B are comprehensive plots that shows the drag force at yaw
angles between -60◦ and +60◦ from hover to an advance ratio of 0.09. Fig. 42 C extracts
the information at 0◦ yaw that shows the drag force for a rotorcraft fuselage as it accelerate
from hover to an advance ratio of 0.1.
It can be seen from Fig. 42 C that the fuselage drag increases steadily OGE as the
rotorcraft accelerates from hover. However, the behavior is quite different IGE. The drag
force remains almost constant until an advance ratio of 0.05 and then sharply decreases
until an advance ratio of 0.07, and then increases gradually again. It is interesting to note
that the sudden decrease of fuselage drag occurs with the formation of the ground vortex
under the fuselage. If we looked at this effect alone, it could be destabilizing for the pilot
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while hovering in the presence of a headwind. The combination of thrust and tip path
angle necessary for a steady hover with a headwind equivalent to advance ratio of 0.05,
would be destabilizing if the wind speed increased to advance ratio of 0.07. Not only does
the drag on the fuselage decrease, but the upward lift on the fuselage also increases as
shown in Fig. 39 C. Therefore, neglecting all other factors such as hub moments and tail
rotor effectiveness, this scenario would lead to a sudden feeling of forward acceleration and
upward lift to the pilot of the rotorcraft. But this feeling would be temporary, since the
effects of decreasing drag and increasing lift on the fuselage diminish, either in the case of
advance ratio increasing above 0.07 or decreasing below 0.05. Thus, the situation feeds into
a scenario where the pilot is likely to over compensate while flying close to the ground.
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Figure 39: Circular Cross-section Fuselage Downforce. Non-dimensionalized by density, tip speed and circular cross-section fuselage
planform area.
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Figure 40: Circular Cross-section Fuselage Side force. Non-dimensionalized by density, tip speed and circular cross-section fuselage
planform area.
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Figure 41: Side Force Center of Pressure
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Figure 42: Circular Cross-section Fuselage Drag force. Non-dimensionalized by density, tip speed and circular cross-section fuselage
planform area.
70
5.3.3 Comparison of Circular Cross-section and Flattened Fuselage Loads
The next step was to measure the forces on the flattened fuselage. The plots include error
bars, which indicate the maximum expected error in the measurements. A discussion of the
error estimate is included in the next section.
5.3.3.1 Comparison of Lift Force
Fig. 43 shows the comparison of the lift force on the two kinds of fuselages at 0◦ yaw from
hover to an advance ratio of 0.1. It can be seen that the down force of a circular cross-
section fuselage is much greater than that of the flattened fuselage while out of ground
effect. This is to be expected since a smaller area is exposed to the inflow in the case of
a flattened fuselage. It can also be seen that both the fuselages IGE show an increase in
downforce between advance ratio of 0.03 and 0.05, followed by an increase in upward lift on
the fuselage in the 0.06 to 0.08 advance ratio range. However, the increase in upward lift is
of a greater magnitude in the case of the flattened fuselage IGE.
5.3.3.2 Comparison of Drag Force
Fig. 44 shows the comparison of the drag force on the two kinds of fuselages at 0◦ yaw
from hover to an advance ratio of 0.1. It can be seen that the drag force of both fuselages
increase steadily while out of ground effect. However, the rate of increase is higher in the
case of the circular cross-section fuselage. The drag force IGE show a similar trend for both
fuselages. The sudden dip in drag can be seen between advance ratio of 0.06 and 0.08 and
the increase thereafter can be seen.
5.3.3.3 Comparison of Side Force
Fig. 45 shows the comparison of the side force on the two kinds of fuselages at 0◦ yaw from
hover to an advance ratio of 0.1. During discussions with helicopter pilots, the difference in
side forces had always been emphasized as a point of concern by them. The measurements
found that the side force showed the most variation depending on the fuselage shape. It
can be seen that the side force IGE varies considerably depending on fuselage shape. While
the side force OGE for a circular cross-section fuselage immediately switches to a negative
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value when the helicopter fuselage accelerates to an advance ratio of 0.03, the flattened
fuselage stays at a positive side force value until an advance ratio of 0.04 before changing
to a negative value. The values of the side forces OGE for the two fuselages approach each
other till they almost overlap at an advance ratio of 0.09.
The behavior of the side force on the two types of fuselages IGE is considerably different.
The side force for a circular cross-section fuselage IGE remains at a positive value until an
advance ratio of 0.07. This is accompanied by a rapid forward shift in the moment arm as
shown in Fig. 41. The side force of a flattened fuselage IGE shows a distinct kink at an
advance ratio of 0.06. The slope of the curve increases after the formation of the ground
vortex under the fuselage.
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Figure 43: Comparison of Non-Dimensional Lift Force of Circular cross-section and Flattened Fuselage.
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Figure 44: Comparison of Non-Dimensional Drag Force of Circular cross-section and Flattened Fuselage.
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Figure 45: Comparison of Non-Dimensional Side Force of Circular cross-section and Flattened Fuselage.
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5.4 Discussion on Measurement Error
The error in the measurements was estimated with the help of a calibration run on the load
cell. The load cell was loaded with precision weights in all three components up to the full
scale, and the errors in the readings were recorded. A conservative approach was followed,
and the maximum error recorded in each component was taken to be the error estimate
of the load cell in that axis. The maximum error amounted to 0.48N on the downforce
component, which amounted to an error 0.12% of full scale. The maximum error on the
side and drag force components was 0.403N, which amounted to 0.31% of full scale.
5.5 Conclusion
The following conclusions can be drawn from this analysis.
1. The low frequency fluctuations seen in the inflow and in the region around the ground
vortex are not noticeable in the fuselage force measurements.
2. The downforce of a circular cross-section fuselage is much greater than the flattened
fuselage. Both fuselages show a decrease in downforce between advance ratio of 0.06
and 0.08 with the formation of the ground vortex. The magnitude of the reduction of
downforce is greater in the case of the flattened fuselage.
3. There is a sudden decrease in drag force between advance ratio of 0.06 and 0.08 with
the formation of the ground vortex.
4. The two cross-sectional fuselages have distinct differences in the case of side force.
In ground effect, the circular cross-section sideforce changes direction at an advance
ratio of 0.07, which is accompanied by a sudden forward shift of the point at which
the side force acts. This behavior is not seen in the case of the flattened fuselage.
This implies that the side force felt on a circular cross section fuselage IGE would be
considerably different from that experienced OGE. This kind of behavior is not seen
in the flattened fuselage. This could pose a problem for helicopter pilots who change




SURFACE FLOW VISUALIZATION OF GROUND
VORTEX
6.1 Objectives
Information about the flow is useful in understanding the wake structure of a rotorcraft. To
this end, surface flow visualization was carried out on the ground plane for a rotorcraft at
low advance ratios in ground effect. This visualization was carried out using tufts that were
attached to the ground plane. A picture of the experiment is shown in Fig. 46. The moti-
vation of the experiment was to carry out a study of the ground vortex structure. Surface
flow visualization provides important qualitative information about the flow direction close
to the ground. This also provides information for validating computational fluid dynamics
(CFD) analysis to check the accuracy with which it models the flow structure and the wake
structure in the presence of the ground plane.
6.2 Experimental Setup
The surface flow visualization was carried out by affixing tufts on the ground plane. The
schematic of the experimental set-up is shown in Fig. 47.
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Figure 46: Tuft Surface Visualization Experiment
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Figure 47: Schematic of Tuft Surface Visualization Experimental Set-up
79
The tuft positions are shown by the star symbol. It can be seen that the X co-ordinate
is along the freestream direction and the Y direction is along the 90 ◦ - 270 ◦ rotor azimuth
position. The distance between the tufts in the X direction is 3 inches and the distance
between the tufts in the Y direction is 6 inches. The tuft that is below the rotor center
is marked with a solid black ellipse. The tufts that lie in the region of separated flow are
marked with a dashed black ellipse. The estimated position of the ground vortex is shown
with two dashed lines that encompass the position of the ground vortex. It is to be noted
that the tuft positions indicate only the average direction of flow.
6.3 Results and Discussion
6.3.1 Advance Ratio 0.03
The surface flow visualization results at an advance ratio of 0.03 is shown in Fig. 48. The
tuft directly below the rotor center is marked by a solid black ellipse, and tufts in the region
of separated flow are marked with a dashed ellipse. It can be seen that flow at the surface
moves upstream about 9 inches ahead of the rotor center. This is the forward directed flow
that is re-ingested in to the disk plane in the recirculation regime. There is a region of
separated flow between the regions of upstream and downstream directed flow.
6.3.2 Advance Ratio 0.04
The surface flow visualization results at an advance ratio of 0.04 are shown in Fig. 49. The
flow structure is similar to that at µ 0.03. The reversed flow ahead of the rotor center can
be seen that is part of the recirculation flow in the forward part of the rotor disk.
6.3.3 Advance Ratio 0.05
The surface flow visualization results at an advance ratio of 0.05 are shown in Fig. 50. The
recirculation flow still dominates at the ground plane. The flow structure is clearly defined
with a forward facing flow about 12 inches in front of the rotor center, along with outward
flow in the Y direction.
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6.3.4 Advance Ratio 0.06
The surface flow visualization results at an advance ratio of 0.06 are shown in Fig. 51. This
is the advance ratio where the ground vortex begins to form. However, the ground vortex is
not well defined. The forward facing flow moves back to about 9 inches ahead of the rotor
center, and the change over from forward facing flow to downstream flow is more clearly
defined than at lower advance ratios.
6.3.5 Advance Ratio 0.07
The surface flow visualization results at an advance ratio of 0.07 are shown in Fig. 52.
The ground vortex has formed and can be seen as separated flow about 18 inches ahead of
the rotor center. The position of the ground vortex is marked with two dashed arcs. The
forward facing flow has now moved back to about 6 inches ahead of the rotor center.
6.3.6 Advance Ratio 0.08
The surface flow visualization results at an advance ratio of 0.08 are shown in Fig. 53. The
ground vortex has moved back to about 15 inches ahead of the rotor center and its shape
is more clearly defined.
6.3.7 Advance Ratio 0.09
The surface flow visualization results at an advance ratio of 0.09 are shown in Fig. 54. The
ground vortex has moved back to about 12 inches ahead of the rotor center and the flow
upstream of the ground vortex can now be seen. The ground vortex also begins to bend
and forms a greater angle with respect to the X axis.
6.3.8 Advance Ratio 0.10
The surface flow visualization results at an advance ratio of 0.10 are shown in Fig. 55.
The ground vortex has moved significantly backward to about 9 inches ahead of the rotor
center and is now considerably bent with respect to the X axis. The flow ahead of the
ground vortex is turned outward by the presence of the ground vortex. The radial flow in
the ground vortex can be seen in the core of the ground vortex.
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Figure 48: Tuft Surface Visualization at advance ratio 0.03
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Figure 49: Tuft Surface Visualization at advance ratio 0.04
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Figure 50: Tuft Surface Visualization at advance ratio 0.05
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Figure 51: Tuft Surface Visualization at advance ratio 0.06
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Figure 52: Tuft Surface Visualization at advance ratio 0.07
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Figure 53: Tuft Surface Visualization at advance ratio 0.08
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Figure 54: Tuft Surface Visualization at advance ratio 0.09
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Figure 55: Tuft Surface Visualization at advance ratio 0.10
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6.4 Conclusions
Surface flow visualization of the ground vortex shows that forward facing flow in the re-
circulation regime persists up to an advance ratio of 0.06. The ground vortex can be seen
above an advance ratio of 0.07 and it moves back and is bent more with respect to the X
axis with increasing advance ratio. The radial flow in the core of the ground vortex can be
seen. A more quantitative study of the flow structure using Particle Imaging Velocimetry
will provide further insight into the structure of the ground vortex.
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CHAPTER VII
MEASUREMENT OF ROTOR POWER
7.1 Objectives
One of the main issues with correlating experimental results in helicopter aerodynamics
with computational calculations is that of accurately matching the operating conditions of
the experimental rotor with that simulated in the computational model. To this end, it is
necessary to provide information about the performance of the rotor.
7.2 Experimental Plan
The rotor at the John Harper Wind Tunnel is driven by a DC electric motor, and the
experiment was designed to measure the power required by the motor to drive the rotor.
The current to the motor was measured using a closed loop current transducer using Hall
Effect. The rated accuracy is less than 0.65%. The current measurement system was tested
by measuring known currents that were supplied by a high accuracy power supply and
the error was validated to be between 0.0125% and 0.59%. Voltage was measured using
a Labview PCI6052 analog to digital conversion card. This is a 16 bit analog to digital
converter with a resolution of 0.0025 mV. The rated accuracy for this card is less than
4.747 mV. This card was validated using a known voltage supplied by a precision power
supply and the accuracy of the card was calibrated to be less than 0.2%.
It was necessary to ensure that the experiment measured the power required to drive
the rotor alone. To achieve this, the power required to drive the rotor shaft without the
rotor blades was measured at 2100 RPM. This ensured that the frictional effects and the
power required to drive the shaft was captured within this tare measurement. This power
measurement was subsequently subtracted from the rotor power measurements to obtain
the power required to drive the rotor blade.
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7.3 Results and Discussion
7.3.1 Measurement Validation
The power measurements were validated by comparing the hover measurements with the
thrust measurement that was done by Brand at the John Harper Wind Tunnel for the same
rotor setup in 1989[4]. The CP (Coefficient of Power) was calculated from Momentum theory
using Equation 10, where CP Momentum is the ideal value of CP obtained from Momentum







This value of CP Momentum that was obtained was corrected using the non-ideal cor-
rection factor κ, which accounts for the non-ideal effects such as non–uniform inflow, tip
losses, wake swirl etc. The final value of CP was then obtained from Equation 11 by multi-
plying the correction factor κ by the CP Momentum. It has been found empirically that the
correction factor κ is usually between 1.1 and 1.25.
CP = κ × CP Momentum (11)
It was found for this measurement that the power measurement matched the momentum
theory CP obtained from the 1989 thrust measurement when κ = 1.275.
This was the first step of the measurement validation for the power measurement during
hover. The next step was to check the power measurement in ground effect by using
the measured CT value modified by the IGE correction Equation. 1, plotted in Fig. 8.
The momentum theory CP obtained from the modified IGE value of thrust matched the
measured value when κ = 1.24.
7.3.2 CP Measurements
The plot of the CP measurements is shown in Fig. 56. The values obtained through the
momentum theory analysis is also plotted on the chart to compare with the measurements.
It can be seen that the power required for the rotor out of ground effect rises linearly
with increase in advance ratio. The power required at hover IGE is higher than the power
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required at hover OGE. This is to be expected because the rotor is a fixed pitch rotor, and
the thrust increases with the reduction in inflow. In a real situation, the pilot would reduce
the collective to maintain hover flight conditions, and thus reduce power consumption.
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Figure 56: Power Measurements in and out of Ground Effect
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It can be seen that the effect of the reduced inflow reduces with the formation of the
ground vortex and the power required approaches the OGE value at an µ of 0.06. The CP
again increases between a µ of 0.07 and 0.09 before aligning itself with the OGE value at µ
of 0.1.
7.4 Conclusion
The CP for the John Harper Wind Tunnel rotor was measured in and out of ground effect.
The CP values at hover were validated using momentum theory and the CT values measured
by Brand. It was found that the CP OGE increased linearly with advance ratio. The CP
IGE for this fixed pitch rotor was higher till the formation of the ground vortex, when it
matched the OGE value. It then increased again between advance ratios of 0.07 and 0.09.




PIV OF THE GROUND VORTEX
8.1 Objectives
The ground vortex has been visualized and studied by various researchers in the past.
They have looked at vortex position and its effect on rotor thrust and power requirements.
This research looked at hotwire measurements around the ground vortex. However, while
hotwire measurements are useful to resolve the high frequency components, they are point
measurements. They are also not very good to resolving the directional components of the
velocities. Particle Image Velocimetry (PIV) provides an effective way to capture velocity
field measurements accurately. The PIV experiment would help in quantifying the flow
field under the rotor in ground effect, and to better understand the structure of the ground
vortex.
8.2 Introduction to PIV
A PIV system consists of four components- a laser to visualize the flow, seed particles to
scatter the light, a camera to record the images and a computer to analyze the images.
PIV works by flashing the laser in two pulses separated by a known interval to illuminate
the flowfield of interest, which is seeded with tracer particles. The change in the position
of the particles on the images associated with the time interval provides the velocity of the
particles. Early systems depended on tracking individual particles, but correlation based
PIV is a more efficient way to calculate the velocities of the particles. Correlation based
PIV can be based on auto-correlation, where one image is exposed twice to the laser flashes,
or on cross-correlation, where two separate images are obtained for the laser pulses. The
technique used in this study is the cross-correlation PIV. The two images are divided into
small regions known as interrogation spots and the cross correlation function is calculated
for each spot to provide one vector per spot. The determination of velocity is done by
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spatial cross correlation of the images. The location of the highest correlation peak in
the correlation plane corresponds to the most likely average particle displacement in the
interrogation area [3]. Sub-pixel accuracy of the displacement is usually obtained by fitting
a Gaussian function to the correlation peak, and finding the exact peak location. More
details of the cross correlation process can be found in References [1] and [11].
Signal-to-noise ratio begins to degrade for particle displacements exceeding 1/4th of the
interrogation spot size [59] and about 7 to 10 particles in each interrogation spot is necessary
for accurate PIV measurements [39]. The ideal size of seeding particles is between 3 and 4
pixels. The other requirements for optimum accuracy for PIV measurements are summed
up in [3].
8.3 Experimental Plan
The PIV experiments were conducted on the rotor at the John Harper Wind Tunnel and the
setup is the same as described in Chapter-3. The description of the equipment specific to the
PIV measurements will be done in the following paragraph. A picture of the experimental
set-up is shown in Fig. 57.
A 10 bit SharpVision CCD camera of 1360x1024 pixel resolution was used to obtain
double exposed flow images. The frame separation was set to 25 microseconds keeping the
expected maximum velocity to stay well within this threshold, and also to minimize the
probability of particle loss due to out-of-plane movement. Seeding was done with a mineral
oil atomizer, and the atomized flow was sent through a bent tube to filter out particles
larger than 0.25 mm. A calibration check was done on the particles in the image plane and
the particles fell into the range of 0.19mm (+ 0.07mm -0.05mm), which meant that particle
size ranged from 1.9 to about 4 pixels.
A frequency doubled Nd-YAG laser at 532 nm was used to provide the illumination for
the PIV study. A timing and synchronization unit was used to trigger the laser at the 90◦ –
270◦ position of the rotor. The laser sheet was aligned along the center line under the rotor
in the upwind-downwind direction along the tunnel axial direction. The pulse separation
was determined by estimating the velocity in the measurement region with the help of the
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hotwire measurements. This was used to calculate the pulse separation to give a particle
pixel shift of between 4 and 6 pixels while ensuring that the out-of-plane movement of the
particles were not greater than about 1/3 the sheet thickness [59].
The co-ordinate system of the PIV set-up is shown in Fig. 58. The rotor shaft is
tilted forward 6◦ and the positive X direction is in the upwind direction. The positive Y
direction is toward the inflow region of the rotor. The positive u component of velocity is
in the upwind direction and positive v component of velocity is upward. Note that the zero
position of the co-ordinate system is the center of the shaft at the teetering pivot of the
rotor.
Since a relatively large area had to be covered while capturing the fine flow details, it
was decided that the field of interest would be divided into smaller measurement areas.
This would ensure that finer flow details and higher spatial scales would be captured. So
the area of interest was divided into 24 sub-grids, and the layout is shown in Fig. 59.
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Figure 57: PIV Experimental Setup
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Figure 58: PIV Co-ordinate System
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Figure 60: Coverage Area Details
8.4 Results
The results will be plotted for the whole area of coverage to give an overview of the flowfield
and to get a holistic view of the flowfield around the ground vortex. This wide area view
will then be broken up into 8 zones to get a closer look at the flow features. The coverage
area and the details of the eight zones are given in Fig. 60. It is to be noted that the X
and Y axes on all the plots are denoted in mm and all the velocity values are in m/s. The
total coverage area and the individual zones can also be seen in the figure.
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8.4.1 Advance Ratio 0.05
The flowfield at µ of 0.05 is shown in Fig. 61. The tip vortex and the inboard wake can be
seen. This is a transitional stage between the recirculation and ground vortex regime. The
nascent ground vortex can be seen, though it is raised quite a bit above the ground.
The velocity vectors at zone 1 through zone 8 can be seen from Figs. 62 to 69. The u
velocity contours in all the zones can be seen from Fig. 70 to 77. The v velocity contours
can be seen from Fig. 78 to Fig. 85.
The tip vortex can be seen with the associated velocity gradient in zone 2 in Figs. 63,
71 and 79. The stagnation region under the rotor where the downflow diverges can be seen
in zone 5 (Figs. 66, 74 and 82). The recirculating flow can be seen in zone 6 (Figs. 67, 75
and 83).
8.4.2 Advance Ratio 0.06
The flowfield at µ of 0.06 is shown in Fig. 86. The ground vortex has completely formed.
One can also notice that the ground vortex has moved backward and closer to the ground
with an increase in advance ratio.
The velocity vectors at zone 1 through zone 8 can be seen from Figs. 87 to 94. The u
velocity contours in all the zones can be seen from Fig. 95 to 102. The v velocity contours
can be seen from Fig. 103 to Fig. 110.
The core of the ground vortex can be seen in zone 6 (Figs. 92, 100 and 108). The tip
vortex can be seen with the associated velocity gradient in zone 2 in Figs. 88, 96 and 104.
The stagnation region under the rotor where the downflow diverges can be seen in zone 5
(Figs. 91, 99 and 107).
8.4.3 Advance Ratio 0.07
The flowfield at µ of 0.07 is shown in Fig. 111. The ground vortex is now visible with a
tight core and has moved under the rotor. The tip vortex from the previous blade can be
seen and it can be seen that the tip vorticity is being incorporated into the ground vortex.
The velocity vectors at zone 1 through zone 8 can be seen from Figs. 112 to 119. The u
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velocity contours in all the zones can be seen from Fig. 120 to 127. The v velocity contours
can be seen from Fig. 128 to Fig. 135.
The core of the first tip vortex can be seen in zone 2 (Figs. 113, 121 and 129). The tip
vortex from the previous blade can be seen with the associated velocity gradient in zone 5
in Figs. 116, 124 and 132. The core of the ground vortex can be seen in zone 6 (Figs. 117,
125 and 133). The separation region ahead of the ground vortex can be seen in zone7 (Figs.
118, 126 and 134).
8.4.4 Advance Ratio 0.08
The flowfield at µ of 0.08 is shown in Fig. 136. The ground vortex is now tighter and has
moved further rearward. Two older tip vortices can be seen and the tip vorticity is being
ingested into the ground vortex.
The velocity vectors at zone 1 through zone 8 can be seen from Figs. 137 to 144. The u
velocity contours in all the zones can be seen from Fig. 145 to 152. The v velocity contours
can be seen from Fig. 153 to Fig. 160.
The interaction between the tip vortex and the ground vortex can be seen in zones 5
and 6 (Figs. 141, 149, 157, 142, 150, and 158). The separation region in front of the ground
vortex has become considerably bigger and can be seen in zone 7 (Figs. 143, 151 and 159).
8.5 Discussion
Apart from the flow field measurements and ground vortex location that can be used by
computational studies for validation, this study highlights two important observations that
help us in understanding ground effect operations of rotorcraft better. Firstly, it is clear that
the vorticity from the tip vortex is incorporated into the ground vortex, which definitely
negates the common opinion that the ground vortex is comprised of the downflow turning
back on itself due to the effect of the freestream velocity. This also correlates with the strong
2 per rev component measured by the hotwire around the ground vortex at an advance ratio
of 0.07, while the area behind the ground vortex is dominated by the 1 per rev component.
This is because the tip vorticity is being incorporated into the ground vortex, thereby
introducing a strong 2 per rev component into the ground vortex.
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The second important issue is the strength of the ground vortex. No study has yet
measured the strength of the ground vortex. This is crucial when computational approaches
use vortex models. The strength of the ground vortex was found by integrating the vorticity
in a closed boundary around the ground vortex. The strength of the ground vortex from
this study was found to be 1.72 m2/s at an advance ratio of 0.08. Laser Doppler Velocimetry
studies of this rotor found that the circulation of the tip vortex at its formation was 0.89
m2/s [73], which reduced to 0.42 m2/s at a vortex age of 20 ◦ [53]. The ground vortex is more
than four times as strong as the tip vortex. The ground vortex appears to be a reservoir
of vorticity that is added by the tip vortices. The ground vortex builds up its vorticity
and then periodically sheds, which matches earlier observations and hotwire measurements
done in this study. This would explain the “puffing” fluctuation that various authors have
observed, who are cited in Chapter-1, and which was seen in the flow visualization portion
of this study.
8.6 Error Estimation
Errors in PIV measurements can be of five types [59]. They are:
1. Random error due to noise and other measurement uncertainties
2. Bias error due to sub-pixel interpolation
3. Gradient error resulting from rotation and deformation of the flow within an interro-
gation spot leading to loss of correlation
4. Tracking error resulting from the inability of a particle to follow the flow
5. Acceleration error caused by approximating the local Eulerian velocity from the La-
grangian motion of tracer particles
Out of these five, the last three cannot be avoided. They can only be minimized by careful
planning, by optimizing the size of the particles and the pulse separation to give the best
results for the flow condition. The steps that were taken to plan these aspects were outlined
at the beginning of this chapter. It is also quite difficult to quantify the last three errors.
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As far as the bias error is concerned, it is manifested by a phenomenon called pixel locking,
where the sub-pixel interpolation causes the velocity to be biased toward integer values of
pixel shift. One way of preventing this phenomenon is to check the histograms of the pixel
shift after each run to ensure that there is not a cluster around an integer value. This was
carried out to obviate the possibility of this error. It has also been shown that bias error
becomes sizable usually when particle image diameter ¡ 1 pixel [59]. Therefore, one can
make a reasonable conclusion that this error is not sizable in this study.
It has been shown that random error scales with the particle image diameter [1] and is
given by the relation in Equation. 12, where σ is the random error, dp is the particle image
diameter and c is an empirical constant that usually lies between 0.05 and 0.10.
σ = c × dp (12)
Thus for this experiment the random error ranged from 0.10 pixels in the best case (0.05
x 2 pixels) to 0.4 pixels in the worst case (0.10 x 4 pixels).
The total measurement error can be quantified with Equation. 13 [63].
ǫm ≤ Wp/Up × 3/(ZM) × σi (13)
where Wp is the maximum out-of-plane component of the flow velocity, Up is the max-
imum in-plane component of the flow velocity, Z is the light sheet thickness, M is the
magnification, and σi is the random measurement error in the image plane.
W and U were taken to be 15 m/s from the hotwire measurements and the preliminary
PIV measurements, both of which indicated a maximum velocity of approximately 14 m/s.
The light sheet thickness was maintained between 4 and 5 mm, and the magnification of
the camera was 1/16. σ as already shown varied from 0.10 pixels in the best case to 0.4
pixels for the worst case. The pixel size was 4.65 µm. σi therefore amounted to 4.65 ×
10−6 × σ. Taking these factors into account, the measurement error in the best case was
0.46% and in the worst case was 1.86%. This amounted to an absolute error of 0.07 m/s
and 0.26 m/s respectively based on a 15 m/s maximum velocity.
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8.7 Conclusion
PIV measurements of the flowfield around a ground vortex at advance ratios between 0.05
and 0.08 was carried out. The flowfield was quantified and the precise location of the
ground vortex was mapped. It was found that the ground vortex ingests vorticity from the





In rotary-wing vehicles, the unsteady phenomena reported by operators IGE have not been
fully explained yet. This regime of flight has seen the most number of accidents over the
past 30 years. Developing a thorough understanding of the various flight regimes close to
the ground will help us in accurately predicting these phenomena, which will help pilots to
better anticipate the control inputs required for safe flight.
So far, there is considerable uncertainty as far as explaining the nature of close to
ground flight is concerned. This study aimed at laying out a research plan that addressed
various issues that were garnered from study of previous literature, phenomena observed
during experiments and inputs provided from operators and research advisers at the Army
Research Office and Sikorsky Aircraft Corporation. The outline of this plan was laid out
in Fig. 10. The first aim of this study was to show that unsteadiness actually existed in
ground effect that was absent while flying away from the ground. Once that was shown,
the regimes of flight in ground effect were visualized.
The next step was to divide the study into two prongs. The first was the unsteady
approach that looked at quantifying the unsteady fluctuations that seemed to occur even
while the helicopter was flying at a steady advance ratio close to the ground. It also aimed
at understanding the long time scale fluctuations that have been reported by pilots in the
past.
The second prong of the approach was to examine the quasi-steady effects of flying
close to the ground. To this end, the effect of fuselage cross-section shape on fuselage loads
was investigated. This was a recommendation from Sikorsky researchers and Army/ NASA
reviewers who felt that operators seemed to feel different loads depending on the shape
of the fuselage of the helicopter that they were piloting close to the ground. The other
aspect was to quantify the flowfield around the ground vortex using PIV, and to better
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understand the structure of the ground vortex. The study also provided power data for
the experimental configuration to help numerical researchers to correlate their results with
experimental data.
9.1 Summary of Results
9.1.1 General Results
1. Two distinct flow regimes were seen for a rotor flying at low advance ratios in ground
effect. Recirculation of the rotor wake occurs at lower advance ratios and formation
of a ground vortex occurred above an advance ratio ≈ 0.058.
2. The ground vortex moves further downstream and decreases in size as the advance
ratio increases.
9.1.2 Results: Unsteady Phenomena
1. The jitter of the tip vortices were quantified during flow visualization and was found
to be much greater IGE when compared to OGE.
2. The low frequency fluctuations in the inflow plane ahead of the rotor occur at about
1 to 2 Hz and appear only during the recirculation regime. These oscillations stop
above an advance ratio of 0.06. These fluctuations were further quantified using
hotwire measurements.
3. The rear of the vortex is dominated by the 1 per rev component, and has high am-
plitude, high frequency oscillations in it. Low frequency oscillations are seen near
the ground ahead of the ground vortex and is caused due to the separation of the
flow ahead of the ground vortex. Two per rev components indicating ingestion of tip
vorticity is seen around the ground vortex.
4. Hotwire measurements showed that the fluctuation frequency in the inflow region was
a function of the rotor height, inflow ratio and forward velocity. This would help in
generalizing the results and scaling it for other rotors.
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5. The fluctuations in the inflow and around the ground vortex do not significantly affect
fuselage loads
9.1.3 Results: Quasi-steady Phenomena
1. The downforce on a circular cross-section fuselage is much greater than that on the
flattened fuselage. Both fuselages show a decrease in downforce between advance
ratio of 0.06 and 0.08 with the formation of the ground vortex. The magnitude of the
reduction of downforce is greater in the case of the flattened fuselage.
2. There is a sudden decrease in drag force between advance ratio of 0.06 and 0.08 with
the formation of the ground vortex.
3. The two cross-sectional fuselages have distinct differences in the case of side force. In
ground effect, the circular cross-section sideforce changes direction at an advance ratio
of 0.07, which is accompanied by a sudden forward shift of the point at which the side
force acts. This behavior is not seen in the case of the flattened fuselage. Thus, it is
the circular cross-section fuselage’s sideforce IGE that is distinctly different from the
sideforces felt in other regimes of flight.
4. It was found that the CP OGE increased linearly with advance ratio. The CP IGE
for this fixed pitch rotor was higher until the formation of the ground vortex, when it
matched the OGE value. It then increased again between advance ratios of 0.07 and
0.09. The CP got back to the OGE value at an advance ratio of 0.1, when the ground
vortex was overrun.
5. The flowfield around the ground vortex was quantified using PIV and the precise
location of the ground vortex was mapped. It was found that the ground vortex
ingests vorticity from the tip vortex. The strength of the tip vortex was found to be
more than 4 times the tip vortex value.
9.2 Conclusions
1. Unsteadiness IGE: The unsteadiness IGE is considerably higher than that seen OGE.
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The increased jitter of the tip vortices IGE indicates that there are considerable in-
teractions between the preceding vortices and the ground vortex.
2. Determination of long time disturbance: The recirculation fluctuation frequency at
the upwind tip of the rotor disk was related to the inflow ratio, height above the
ground and the forward velocity. The measured results matched this relation very
closely. This will have an effect on the rotor thrust. More significantly, it will have a
long time fluctuating effect on the hub moments. The relation derived in this study
will help in scaling the results to a real life scenario.
3. Structure of ground vortex: The hotwire study of the ground vortex revealed 2 per rev
components on the periphery of the ground vortex. The ground vortex incorporates tip
vorticity, and not just a separation induced vortex as postulated by various authors,
who have compared it to the horseshoe vortex formed by a jet in crossflow. This
correlates with the PIV study also revealed that the high velocity edge of the ground
vortex was being fed by the vorticity from the tip vortices.
4. Loads and fuselage shape: It was seen that the sideforce felt by a circular crosssec-
tion fuselage IGE was distinctly different from that felt by the flattened fuselage.
The sideforce behavior IGE of the circular crosssection fuselage was also different
from its behavior OGE. The change in sideforce of a circular crosssection fuselage is
accompanied by a sudden change in the moment. This implies that the pilot of a
circular crosssection fuselage is most likely to encounter unexpected sideforces when
flying close to the ground. This quantifies the intuitive difference reported by heli-
copter operators of handling differences based on fuselage shapes for this particular
configuration as a function of advance ratio.
5. Strength of ground vortex: The flowfield around the ground vortex was quantified
using PIV and it was shown that the strength of the ground vortex was more than four
times greater than the tip vortex. This implies that the performance of a helicopter
close to the ground would be dominated by the effects of the tip vortex.
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9.3 Recommendations
The following recommendations are made based on the results from this research study.
1. The recirculation fluctuations seen in the inflow plane are long time scale disturbances
that can be modeled with potential methods. A scaling relation has been proposed
to relate the disturbance to flow parameters. This function has to be related to other
conditions.
2. Another important issue is the effect of dynamic operations close to the ground.
Ground effect experiments done on fixed wing aircraft point out two key differences
between IGE wind tunnel experiments and real world flight close to the ground. The
first is the presence of a ground boundary layer in wind tunnel experiments with a
fixed ground plane [13] and it is often addressed with the use of a moving ground
belt. The second is the effect of a dynamic ground plane that incorporates variable
sink rates, gusts, and dynamically varying pitch angles [10], [7], [40]. The effect of
the ground boundary layer is not expected to be significant since the ground vortex
has been shown to be much stronger than the tip vortex, and will therefore be much
stronger than the ground boundary layer. The other issue that can be explored is the
effect of dynamic changes in helicopter pitch angle, sink rates, sideward motion and
gusts.
3. The experiments with the fuselage were with generic models. It was shown that
the side force on a circular crosssection fuselage was distinctly different IGE from a
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Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.34 -8.48 -7.61 -6.74 -5.87 -5.00 -4.14 -3.27 -2.40 -1.53 -0.66 0.20 1.07 1.94 2.81
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.34 -8.48 -7.61 -6.74 -5.87 -5.00 -4.14 -3.27 -2.40 -1.53 -0.66 0.20 1.07 1.94 2.81
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.34 -8.48 -7.61 -6.74 -5.87 -5.00 -4.14 -3.27 -2.40 -1.53 -0.66 0.20 1.07 1.94 2.81
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.34 -8.48 -7.61 -6.74 -5.87 -5.00 -4.14 -3.27 -2.40 -1.53 -0.66 0.20 1.07 1.94 2.81m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET









Vel Magnitude: 0.88 1.75 2.63 3.51 4.39 5.26 6.14 7.02 7.89 8. 77 9.65 10.52 11.40 12.28 13.16
m/s




















Vel Magnitude: 0.88 1.75 2.63 3.51 4.39 5.26 6.14 7.02 7.89 8. 77 9.65 10.52 11.40 12.28 13.16 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET








Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET













Vel Magnitude: 0.88 1.75 2.63 3.51 4.39 5.26 6.14 7.02 7.89 8. 77 9.65 10.52 11.40 12.28 13.16
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.85 1.68 2.51 3.34 4.17 5.00 5.83 6.66 7.49 8. 33 9.16 9.99 10.82 11.65 12.48 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET








U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET













U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.55 -9.04 -7.53 -6.02 -4.51 -2.99 -1.48 0.03 1.54 3.05 4.56 6.08 7.59 9.10 10.61
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET








V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET













V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -9.57 -8.64 -7.72 -6.80 -5.88 -4.96 -4.04 -3.11 -2.19 -1.27 -0.35 0.57 1.49 2.41 3.34
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET









Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
m/s












Vel Magnitude: 0.929 1.857 2.786 3.715 4.643 5.572 6.500 7.4 29 8.358 9.286 10.215 11.144 12.072 13.001 13.93010 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907 10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.865 1.725 2.585 3.446 4.306 5.166 6.026 6.8 86 7.746 8.607 9.467 10.327 11.187 12.047 12.907
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET












U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -11.236 -9.853 -8.469 -7.086 -5.703 -4.320 -2.937 -1.553 -0.170 1.213 2.596 3.980 5.363 6.746 8.129
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET












V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.559 -7.412 -6.266 -5.120 -3.974 -2.828 -1.681 -0.535 0.611 1.757 2.904 4.050 5.196 6.342 7.489
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET









Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
m/s








Vel Magnitude: 0.848 1.696 2.545 3.393 4.241 5.089 5.937 6.7 85 7.634 8.482 9.330 10.178 11.026 11.874 12.723
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















Vel Magnitude: 0.783 1.563 2.343 3.122 3.902 4.681 5.461 6.2 41 7.020 7.800 8.580 9.359 10.139 10.918 11.698
10 m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET








U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















U: -10.542 -9.309 -8.076 -6.843 -5.610 -4.377 -3.145 -1.912 -0.679 0.554 1.787 3.020 4.253 5.486 6.719
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET








V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET




















V: -8.778 -7.662 -6.545 -5.429 -4.312 -3.195 -2.079 -0.962 0.155 1.271 2.388 3.505 4.621 5.738 6.854
m/s
Frame 001  01 Mar 2006  AVERAGE 2C PIV DATASET
Figure 160: v Velocity at Advance Ratio 0.08- zone 8. Axes in mm.
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